1. Introduction {#sec1}
===============

The liver, as an important metabolic organ, is responsible for clearing many poisons and drugs but can also be damaged by these same harmful substances [@bib1]. Recently, acute liver failure has been considered one of the major diseases and has posed growing threats to human health worldwide. It is well accepted that many factors, including infection of the hepatitis virus and exposure to toxins, can lead to acute liver failure [@bib2]. Paracetamol (APAP) is relatively safe and has almost no side effects in the therapeutic dose range and is widely used to treat various painful conditions [@bib3]. However, in the past several decades, clinical data monitoring indicated that an overdose of APAP can cause hepatotoxicity and nephrotoxicity [@bib4]. Widespread use of APAP in hundreds of prescription and over-the-counter drugs has led to the prevalence of APAP-induced hepatotoxicity [@bib5].

Until now, although the exact mechanisms underlying APAP-induced hepatotoxicity remain unclear, growing evidence indicates that multiple mediators of inflammation and oxidative stress contribute to the pathology process of APAP-induced acute liver damage [@bib6]. These inflammatory mediators include tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-10 (IL-10), cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase (iNOS) [@bib7]. *N*-acetyl-*p*-benzoquinone imine (NAPQI), known as a putative reactive metabolite of APAP, can accumulate when APAP concentration is at a high level in the human body and will result in consumption of glutathione (GSH), thus decreasing GSH stores [@bib8]. The excess NAPQI unbound to GSH may undergo a rapid reaction with the mercapto groups of cellular proteins [@bib9]. This process can result in an increase of reactive oxygen species (ROS) and initiates lipid peroxidation (LPO) that eventually results in hepatic destruction, necrosis, or apoptosis [@bib10], [@bib11]. The lipid peroxidation products may include malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) [@bib12], [@bib13]. Although many active compounds found in natural medicines have been clinically and experimentally investigated for their ability to protect against APAP-induced hepatotoxicity [@bib14], [@bib15], the need for new treatment protocols remains urgent.

The roots of *Panax ginseng* Meyer (ginseng), a traditional Chinese medicine, has been reported to have an adaptogenic effect on endocrine, immune, cardiovascular, and central nervous systems [@bib16], [@bib17]. Ginsenosides, considered to be the major active ingredients isolated from the whole ginseng plant, exert numerous pharmacological actions including antidiabetes, antioxidation, anticancer, and anti-inflammation [@bib18], [@bib19]. Previous studies have demonstrated that the pharmacological activities of steam-processed ginseng (e.g., red ginseng and black ginseng) are more powerful than unsteamed ginseng (e.g., white ginseng) [@bib20]. Growing evidence has shown that a heating treatment will contribute to extensive conversion of original ginsenosides from unheated ginseng to rare ginsenosides with less polarity, such as ginsenosides 20(R)-Rg3, 20(S)-Rg3, Rg5, Rk1, F4, Rg6, Rs4, and Rs5 [@bib21], [@bib22]. Ginsenoside Rk1, a major rare saponin obtained from heat-processed ginseng [@bib23], exerts several biological actions, including antiapoptotic [@bib24], anticancer [@bib25], and antiplatelet aggregation [@bib26]. Although it has been previously reported that fermented ginseng containing a rare ginsenoside (compound K) can alleviate APAP-induced liver injury in a rat model [@bib19], the hepatoprotective effects of ginsenoside Rk1 on APAP-caused hepatotoxicity *in vivo* has not been studied so far. Therefore, the present study was designed to evaluate the effects of ginsenoside Rk1 on APAP-caused liver damage and give insight into its possible mechanisms.

Based on the facts above, we decided to research whether or not ginsenoside Rk1 could exert the potential ameliorative effect on APAP-induced liver hepatotoxicity in a mouse model. More importantly, as far as we know, this is the first time the potential mechanisms underlying such hepatoprotective effects of Rk1 have been uncovered.

2. Materials and methods {#sec2}
========================

2.1. Chemicals and reagents {#sec2.1}
---------------------------

The ginsenoside Rk1 (purity \> 95%) was isolated from black ginseng as described in our previous work [@bib27]. The APAP (\>98.0%, UV-VIS, batch no. A7685-100G) was purchased from Sigma--Aldrich (St Louis, MO, USA). The assay kits for alanine aminotransferase (ALT), aspartate aminotransferase (AST), GSH, superoxide dismutase (SOD), and MDA were provided by Nanjing Jiancheng Biological Research Institute (Nanjing, China). Two-site sandwich enzyme-linked immunosorbent assay (ELISA) kits for the detection of mouse TNF-α and IL-1β were purchased from R&D systems (Minneapolis, MN, USA). Hematoxylin--eosin (H&E) and Hoechst 33258 dye kits were obtained from Beyotime Co., Ltd. (Shanghai, China). Two-site immunohistochemical assay kits, SABC-DyLight 488 and SABC-Cy3, and immunofluorescence staining kits were from BOSTER Biological Technology (Wuhan, China). The antibodies, including rabbit monoclonal anti-iNOS, anti-COX-2, anti-Bax, anti-Bcl-2, anti-cytochrome P450 E1 (CPY2E1), anti-4-HNE, and anti-3-nitrotyrosine (3-NT), were provided by BOSTER Biological Technology (Wuhan, China) or Cell Signaling Technology (Danvers, MA, USA). *In situ* Cell Death Detection Kit was provided by Roche Applied Science (No. 11684817910; Roche Applied Science, Penzberg, Germany). All other reagents and chemicals, unless indicated, were obtained from Beijing Chemical Factory (Beijing, China).

2.2. Animals and experimental protocol {#sec2.2}
--------------------------------------

Thirty-two male imprinting control region (ICR) mice (8 wk old), weighing 22--25 g, were purchased from Changchun Yisi Experimental Animal Co. Ltd. (Changchun, China). All mice were housed under standard animal holding conditions (12 h light/dark cycle, relative humidity 60 ± 5%, and 25 ± 2°C) for 1 wk to acclimatize to the new conditions before the experiment. All experiments were performed in strict accordance with the Regulations of Experimental Animal Administration from the Ministry of Science and Technology of China. All experimental procedures in this work were approved by the Ethical Committee for Laboratory Animals at Jilin Agricultural University (Permit No.: ECLA-JLAU-16050).

After adaptive breeding for at least 1 wk, the animals were randomly divided into four groups with eight mice per group: normal group; APAP (250 mg/kg) group; APAP+Rk1 (10 mg/kg) group; and APAP+Rk1 (20 mg/kg) group. Ginsenoside Rk1 was prepared by suspending in 0.05% (w/v) sodium carboxymethylcellulose. Ginsenoside Rk1 was gavaged to the mice in treatment groups for 7 consecutive d, mice in the normal and APAP groups were treated with 0.9% saline in the same way. After final administration, mice in the APAP and APAP+Rk1 treatment groups were given a single intraperitoneal injection of APAP with a dose of 250 mg/kg to induce acute liver injury. Meanwhile, mice in the normal group were given 0.9% saline in the same way. The experimental design of the hepatoprotective effect of Rk1 on mice is summarized in [Fig. 1](#fig1){ref-type="fig"}A.Fig. 1Pretreatment with Rk1 protected against APAP-induced liver injury. (A) Experimental design of the hepatoprotective effect of Rk1 on APAP-induced liver injury in mice. (B) The levels of GSH, MDA and SOD in liver tissues of mice (B). All data are expressed as the mean ± standard deviation, *n* = 8. \*\**p* \< 0.01 versus normal group; ^\#^*p* \< 0.05 versus APAP group; ^\#\#^*p* \< 0.01. APAP, paracetamol; GSH, glutathione; MDA, malondialdehyde; prot, protein; SOD, superoxide dismutase.Fig. 1

All of the mice were fasted for at least 12 h before intraperitoneal injection with APAP and dissection, but they were allowed free access to water. Subsequently, all of the mice were killed by cervical vertebra dislocation at 24 h after the single APAP injection, and their blood was harvested and stored at --20°C for the determination of two aminotransferases and inflammatory indices. Segregated livers were washed twice with saline, blotted dry on a filter paper, and weighed. At the same time, shape, color, and size of the livers were observed. Liver tissues were dissected quickly and only a small piece was cut off from the same part of the left lobe of each mouse and then fixed in 10% buffered formalin solution (mass/volume) for morphological analysis. The remaining liver samples were thoroughly washed in cold physiological saline and stored at --80°C until required for hepatic homogenate preparation and western blotting analysis.

2.3. Assessment of biochemical parameters {#sec2.3}
-----------------------------------------

Two important markers of hepatic function, ALT and AST, were determined using commercial kits according to the manufacturer\'s instructions (Nanjing Jiancheng Bioengineering Research Institute, Nanjing, China).

To assess the hepatic markers of oxidative stress injury, GSH and SOD levels in liver tissues were tested using commercial kits according to the manufacturer\'s instructions. Liver samples were removed from --80°C and homogenized in ice-cold 0.1M phosphate buffer (pH 7.4), then filtered and centrifuged at 4°C for 10 min. Then the supernatants were analyzed to determine SOD activity and GSH content [@bib28]. Some of the homogenate was used to evaluate LPO by determining thiobarbituric acid reactive substances and was expressed in terms of MDA content, a LPO biomarker.

2.4. Determination of serum TNF-α and IL-1β {#sec2.4}
-------------------------------------------

After serum samples were obtained, concentrations of TNF-α and IL-1β were determined using ELISA kits according to the protocols provided by the manufacture of R&D systems. In brief, prepared reagents, sample standards, and antibodies labeled with enzymes were added accordingly, then reacted at 37°C for 1 h. After adding stopping solution, the absorbance at 450 nm was measured via an ELISA reader (Bio-Rad, Hercules, CA, USA). To ensure accuracy, all assays were performed in duplicate.

2.5. Histopathological examination {#sec2.5}
----------------------------------

For histopathological examination, the liver samples (n = 8 per group) were fixed over 24 h with 10% buffered formaldehyde before paraffin embedding and sectioning into 5-μm thickness. The liver tissues were routinely stained with H&E dye kits for conventional morphological evaluation using a light microscope (Olympus BX-60, Tokyo, Japan). The degree of hepatocellular necrosis was analyzed by ridit analysis as previously described [@bib29].

2.6. Hoechst 33258 staining {#sec2.6}
---------------------------

Hoechst 33258 staining was used to observe the nuclear morphological changes of liver tissues, and carried out as previously described with minor modifications according to the manufacturer\'s protocol [@bib27]. Briefly, the liver tissues were dissected out of mice at the end of the experiment and then fixed in a formalin solution overnight. Three liver tissues were randomly chosen from each group. The 5-μm thickness sections were cut and stained using the Hoechst 33258 solution with 10 μg/mL. After washing with phosphate buffered saline (0.01M, pH 7.4) three times, stained nuclei were visualized under UV excitation and photographed using a fluorescence microscope (Leica TCS SP8, Germany). Image-Pro plus 6.0 (Media Cybernetics, USA) was used to quantify the Hoechst 33258 staining.

2.7. Immunohistochemistry and immunofluorescence analysis {#sec2.7}
---------------------------------------------------------

Immunohistochemical staining was performed as previously described with minor modifications [@bib30]. Briefly, 5-μm thick paraffin sections were deparaffinized and rehydrated seriatim in xylene and aqueous alcohol solutions. After antigen retrieval in a citrate buffer solution (0.01M, pH 6.0) for 20 min, the slides were washed with phosphate buffered saline (0.01M, pH 7.4) three times and incubated with 1% bovine serum albumin for 1 h. The blocking serum was tapped off, and the sections were incubated with primary antibodies, including mouse polyclonal anti-iNOS (1:200), anti-COX-2 (1:200), anti-Bax (1:400) and anti-Bcl-2 (1:200), in a humidified chamber at 4°C overnight followed by secondary antibody incubation for 30 min at room temperature. Substrate was added for 30 min followed by DAB staining and hematoxylin counter-staining. The positive staining was determined mainly by a brownish-yellow color in the cytoplasm or nucleus of the cells. An image was taken using light microscopy (Olympus BX-60, Tokyo, Japan), and the cell positive expression intensity was analyzed using Image-Pro Plus 6.0 software.

To evaluate the levels of protein expression of cytochrome P450 E1 (CYP2E1), 4-HNE, and 3-NT in APAP-induced hepatotoxicity, immunofluorescence staining was exerted in liver tissue sections of APAP-induced groups and the normal group as described for immunohistochemistry analysis. In brief, the sections were incubated with the CYP2E1 antibody (1:200), 4-HNE antibody (1:100) and 3-NT antibody (1:200) in a humidified chamber at 4°C overnight. The next day, all slides were marked with a fluorescence secondary antibody for 30 min at room temperature, and then exposed to SABC-DyLight 488 (1:400) or SABC-CY3 (1:100). Nuclear staining in liver tissues was performed using 4, 6 diamidino-2-phenylindole (DAPI) staining. The degrees of immunofluorescence staining in liver tissues were observed using a fluorescence microscope (Leica TCS SP8, Germany), and immunofluorescence intensity was analyzed using Image-Pro Plus 6.0 software.

2.8. Terminal deoxynucleotidyl transferase dUTP nick end labeling assay {#sec2.8}
-----------------------------------------------------------------------

For the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay, apoptotic cells in the liver tissues were determined by *in situ* apoptosis detection kits as previously described [@bib31]. Briefly, the proteinase K with 20 μg/mL of distilled water was added to the slides for 10 min at room temperature. The slides were incubated in methanol containing 3% hydrogen peroxide for 20 min and then incubated with an equilibration buffer and terminal deoxynucleotidyl transferase to block endogenous peroxidase. Finally, the sections were incubated with an anti-digoxigenin--peroxidase conjugate. Peroxidase activity of each section was shown using an application of diaminobenzidine. Hematoxylin was used for section counterstaining.

2.9. Western blotting analysis {#sec2.9}
------------------------------

Western blotting analysis was performed as previously described in our laboratory [@bib18]. Briefly, the liver tissues were homogenized using a Radio-Immunoprecipitation Assay (RIPA) buffer (1:10, m/v). The protein concentrations were measured using a bicinchoninic acid assay (BCA) protein assay kit (Thermo Scientific, Waltham, MA, USA) and normalized to 5 mg/mL. Fifty μg per lane of protein were loaded on 12% sodium dodecyl sulfate--polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membrane, and then blocked with 5% skim milk in Tris-buffered saline containing 0.1% Tween-20 for at least 1 h. The membranes were incubated overnight with primary antibodies against Bax (1:2000) and Bcl-2 (1:2000) at 4°C. Then, the membranes were incubated with the secondary antibodies for 1 h at room temperature. Signals were detected using an ECL substrate (Thermo Scientific). Expression in the protein levels were measured with western blotting using Bio-Rad Laboratories-Segrate, Italy (Bio-Rad). The intensity of the bands were quantified by densitometry.

2.10. Statistical analysis {#sec2.10}
--------------------------

All data are expressed as the means ± standard deviation. The data were analyzed using a two-tailed test or a one-way analysis of variance. GraphPad Prism 6.0 (GraphPad, La Jolla, CA, USA) was used to create the resulting data charts. Ridit analysis, a nonparametric evaluation method, was used for histological examination comparison between groups. Statistical significance was considered to be *p* \< 0.05 or *p* \< 0.01.

3. Results {#sec3}
==========

3.1. Effects of ginsenoside Rk1 on body weight and organ indices in mice {#sec3.1}
------------------------------------------------------------------------

Generally, the body weight and organ indices are considered to be a putative indicator of health. As shown in [Table 1](#tbl1){ref-type="table"}, 24 h after APAP injection, the body weight of mice exposed to APAP 250 mg/kg resulted in notable weight loss compared to mice in the normal group (*p* \< 0.05). In addition, the liver and spleen indices were similar in all treated mice; a significant increase was observed in the mice treated with APAP alone (*p* \< 0.01). However, in the two treatment groups (10 mg/kg and 20 mg/kg), these changes were significantly reduced (*p* \< 0.01, *p* \< 0.05).Table 1Effects of Rk1 on body weight, organ indices, and serum biochemical markers in miceTable 1GroupsDosage (mg/kg)Body weight (g)Liver index (mg/g, ×100)Spleen index (mg/g, ×100)ALT (U/L)AST (U/L)InitialFinalNormal---29.74 ± 1.1633.23 ± 1.165.69 ± 0.390.46 ± 0.0423.85 ± 3.8610.69 ± 4.16APAP---29.97 ± 1.2527.07 ± 1.18\*6.50 ± 0.52\*\*0.58 ± 0.06\*\*114.03 ± 5.90\*\*64.87 ± 13.18\*\*APAP + Rk11029.68 ± 1.4331.29 ± 1.34^\#^5.70 ± 0.37^\#\#^0.47 ± 0.03^\#\#^28.32 ± 8.63^\#\#^21.73 ± 5.24^\#\#^APAP + Rk12029.71 ± 1.4930.45 ± 1.625.89 ± 0.36^\#^0.49 ± 0.07^\#^31.80 ± 7.64^\#\#^24.05 ± 8.19^\#\#^[^1][^2][^3]

3.2. Effects of ginsenoside Rk1 on serum biochemical markers {#sec3.2}
------------------------------------------------------------

To evaluate whether or not ginsenoside Rk1 preserves liver function, the serum levels of two transaminases (ALT and AST) were determined in all groups 24 h after APAP challenge. As shown in [Table 1](#tbl1){ref-type="table"}, the levels of these two transaminases were both dramatically elevated (*p* \< 0.01) following a single APAP injection, reflecting a severe liver injury. However, pretreatment with Rk1 for 7 d (10 mg/kg and 20 mg/kg) reversed the increase caused by APAP (*p* \< 0.01).

3.3. Effects of ginsenoside Rk1 on oxidative stress markers {#sec3.3}
-----------------------------------------------------------

As mentioned above, oxidative stress injury was one of the most important mechanisms of APAP-induced hepatotoxicity in a mouse model *in vivo* [@bib32]. In the present study, the results showed that APAP exposure resulted in the depletion of GSH and a dramatic decrease of SOD activity along with an increase of MDA levels in liver tissues, compared to mice in the normal group (*p* \< 0.01; [Fig. 1](#fig1){ref-type="fig"}B). Interestingly, a significant decrease of MDA levels and restored hepatic SOD activity and GSH content (*p* \< 0.01, *p* \< 0.05) were observed after pretreatment with ginsenoside Rk1 for 7 d. These data clearly demonstrate that ginsenoside Rk1 alleviated liver oxidative stress injuries. To further confirm whether or not oxidative stress is involved in the development of APAP-induced hepatotoxicity *in vivo*, the degree of lipid peroxidation was determined using 4-HNE staining. After APAP exposure for 24 h, we observed the strong fluorescence intensity of 4-HNE expression in the liver tissues of mice. However, ginsenoside Rk1 pretreatment with two doses (10 mg/kg and 20 mg/kg) for 7 d significantly decreased fluorescence intensity, especially in the low-dose group ([Fig. 2](#fig2){ref-type="fig"}A). Interestingly, the location of lipid peroxidation showed high correlations with that of hepatocyte necrosis sites.Fig. 2Pretreatment with Rk1 protected against APAP-induced liver injury. (A) 4-hydroxynonenal (4-HNE), (B) cytochrome P450 E1 (CYP2E1), and (C) 3-nitrotyrosine (3-NT). The expression levels of 4-HNE, CYP2E1 (green) and 3-NT (red) in tissue sections isolated from different groups were assessed by immunofluorescence. Representative immunofluorescence images were taken at 200×. 4′, 6-diamidino-2-phenylindole (DAPI) (blue) was used as a nuclear counterstain. All data are expressed as the mean ± standard deviation, *n* = 8. \*\**p* \< 0.01 versus normal group; ^\#\#^*p* \< 0.01 versus APAP group. APAP, paracetamol.Fig. 2

Since CYP-mediated bioactivation is considered to play a key role in APAP-induced hepatotoxicity, the protein expression of CYP2E1 in liver tissues was checked after APAP challenge. As expected, APAP challenge after 24 h resulted in overexpression of the CYP2E1 metabolizing enzyme using immunofluorescence analysis. However, treatment with Rk1 decreased the expression of CYP2E1 ([Fig. 2](#fig2){ref-type="fig"}B). These results also suggest to some extent that pretreatment of ginsenoside Rk1 attenuates APAP-induced oxidative stress injury.

3.4. Ginsenoside Rk1 ameliorates APAP-induced nitrative stress {#sec3.4}
--------------------------------------------------------------

To confirm whether or not nitrative stress participates in the pathological process of APAP-induced hepatotoxicity *in vivo*, a nitrative stress marker was confirmed using immunofluorescence analyses for 3-NT staining. As shown in [Fig. 2](#fig2){ref-type="fig"}C, at 24 h after APAP challenge, very strong red fluorescence expression of 3-NT was observed in the central veins of the liver tissues in mice exposed to APAP. In contrast, less 3-NT staining was found in the same area of mice pretreated with ginsenoside Rk1.

3.5. Ginsenoside Rk1 ameliorates APAP-induced liver inflammation {#sec3.5}
----------------------------------------------------------------

Prevailing evidence indicates that inflammation is involved in the progression of APAP-induced acute liver damage. It has been reported in a previous study that oxidative stress injury is associated with the production of proinflammatory cytokines such as TNF-α, IL-1β, IL-10, and IL-6 [@bib33]. TNF-α, and IL-1β are two major key proinflammatory cytokines involved in the above progression. In our present study, as shown in [Fig. 3](#fig3){ref-type="fig"}A and B, APAP injection caused a dramatic increase in serum levels of TNF-α and IL-1β over those in the normal group (*p* \< 0.01 and *p* \< 0.05, respectively). However, pretreatment with Rk1 significantly inhibited the overproduction of TNF-α and IL-1β (*p* \< 0.01 and *p* \< 0.05, respectively). Importantly, to further understand the anti-inflammatory effects of ginsenoside Rk1, the expression levels of iNOS and COX-2 in liver tissues were examined using immunohistochemical analyses. As shown in [Fig. 4](#fig4){ref-type="fig"}A and B, APAP-treated mice livers stained positive for iNOS and COX-2 in all the observed cytoplasm areas. However, administration of ginsenoside Rk1 with doses of 10 mg/kg and 20 mg/kg resulted in reduced expression of iNOS and COX-2 in liver tissues. The above results indicate that the hepatoprotective effect of ginsenoside Rk1 might also attribute to its anti-inflammatory ability to some extent.Fig. 3Pretreatment with Rk1 protected against APAP-induced inflammatory cytokines. The levels of (A) tumor necrosis factor-α (TNF)-α and (B) interleukin-1β (IL)-1β in the serum of mice. All data are expressed as the mean ± standard deviation, *n* = 8. \**p* \< 0.05 versus normal group; \*\**p* \< 0.01; ^\#^*p* \< 0.05 versus APAP group; ^\#\#^*p* \< 0.01. APAP, paracetamol.Fig. 3Fig. 4Pretreatment with Rk1 protected against APAP-induced liver of Rk1 on the expression of: (A, E) nitric oxide synthase (iNOS), (B, F) cyclooxygenase-2 (COX-2), (C, G) Bax, and (D, H) Bcl-2. The protein expression was examined by immunohistochemistry. All data are expressed as the mean ± standard deviation, *n* = 8. \*\**p* \< 0.01 versus normal group; ^\#^*p* \< 0.05 versus APAP group; ^\#\#^*p* \< 0.01. APAP, paracetamol.Fig. 4

3.6. Ginsenoside Rk1 ameliorates APAP-induced liver histopathological changes {#sec3.6}
-----------------------------------------------------------------------------

The liver sections of four groups were examined by H&E staining. As shown in [Fig. 5](#fig5){ref-type="fig"}A and [Table 2](#tbl2){ref-type="table"}, a clear structure of the hepatic lobule, regular hepatic cords with central veins, and a normal cell nucleus can be observed in hepatic sections of the normal group. However, in the APAP group, typical pathological characteristics, including necrosis, hemorrhage, and inflammatory infiltration, further confirmed the successful establishment of APAP-induced acute liver injury. Pretreatment with Rk1 before APAP exposure noticeably attenuated the inflammation and apoptotic cells. Considering these results, we speculated that Rk1 pretreatment might have an alleviating action on APAP-induced liver injury.Fig. 5Histological examination of morphological changes in liver tissues. Liver tissues stained with (A) hematoxylin--eosin (100×, 400×); (B) Hoechst 33258 (100×, 400×) and (D) the percentage of apoptosis; (C) TUNEL (400×) and (E) the presence of TUNEL-positive cells (E). Arrows show necrotic and apoptotic cells. All data are expressed as the mean ± standard deviation, *n* = 8. \*\**p* \< 0.01 versus normal group; ^\#^*p* \< 0.05 versus APAP group; ^\#\#^*p* \< 0.01. APAP, paracetamol; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.Fig. 5Table 2Pathological changes in the liver and ridit analysisTable 2GroupsDosage (mg/kg)Necrocytosis gradeScoreRidit analysis*n*01234Normal---88000000.21APAP---700232210.84\*\*APAP+Rk11083221090.48^\#^APAP+Rk120823210100.52^\#^[^4][^5][^6]

3.7. Ginsenoside Rk1 ameliorates APAP-induced liver cell apoptosis {#sec3.7}
------------------------------------------------------------------

To determine whether ginsenoside Rk1 pretreatment relieved liver cell apoptosis in APAP-induced acute liver injuries, we used Hoechst 33258 staining to observe the degree of hepatocyte apoptosis. As shown in [Fig. 5](#fig5){ref-type="fig"}B and D, the nuclei of the normal group were morphologically intact, neatly arranged with a clear outline, and the chromatin was stained evenly and slightly. However, in the APAP group, distribution over a large area and a high density of blue apoptosis liver cells and small chunks of nuclei were clearly observed, indicating severe apoptosis after APAP challenge. Importantly, after a 7-d continuous pretreatment with ginsenoside Rk1 (10 mg/kg and 20 mg/kg), the apoptosis was alleviated and the liver damage was effectively improved.

To verify the hypothesis that apoptosis may coexist with necrosis in APAP-induced hepatotoxicity, apoptotic liver cells were confirmed and quantified by TUNEL staining. As shown in [Fig. 5](#fig5){ref-type="fig"}C and E, almost no apoptotic cells appeared in the liver tissues of the normal group. Compared to the normal group, the quantity of TUNEL-positive cells significantly increased in the APAP-induced group after 24 h. However, ginsenoside Rk1 administration (10 mg/kg and 20 mg/kg) for 7 d remarkably reduced TUNEL-positive cells in liver tissues.

In the present investigation, immunohistochemical and western blotting analyses were used to further determine the impacts of ginsenoside Rk1 on the proapoptotic factor Bax and antiapoptotic factor Bcl-2 in all experimental groups in order to test the extent of apoptosis in liver tissues. As depicted in [Fig. 4](#fig4){ref-type="fig"}C and D, Bax-positive expression was unevenly located in the cytoplasm of liver cells. The rate of Bax-positive expression was found to be significantly lower in the Rk1 pretreatment groups than in the APAP group. Bcl-2-positive expression was also observed in liver cell cytoplasm, and there was a significant increase of Bcl-2 expression in the APAP+Rk1 (10 mg/kg) group compared to the APAP group. In addition, western blotting was employed to analyze the proapoptotic factor Bax and anti-apoptotic factor Bcl-2. Pretreatment with ginsenoside Rk1 decreased the protein expression of Bax and the ratio of Bax / Bcl-2, while it increased Bcl-2 protein expression ([Fig. 6](#fig6){ref-type="fig"}). These results are almost in line with those from the immunohistochemical analysis.Fig. 6Protein expression of Bax and Bcl-2. (A) Effects of Rk1 on the protein expression of Bax and Bcl-2. (B) Results quantified from Bax and Bcl-2 band intensities. The protein expression was examined using western blotting analysis in liver tissues. All data are expressed as the mean ± standard deviation, *n* = 8. \**p* \< 0.05 versus normal group; \*\**p* \< 0.01; ^\#^*p* \< 0.05 versus APAP group; ^\#\#^*p* \< 0.01. APAP, paracetamol.Fig. 6

4. Discussion {#sec4}
=============

APAP is the most widely used antipyretic analgesic and is the most common cause of acute liver failure. When establishing an animal model, APAP is also widely used in the study for evaluating the protective effects of natural medicines and compounds [@bib14]. APAP is the most widely used over-the-counter medication with almost no side effects within the therapeutic dose range. However, long-term or overdose usage of APAP can result in inflammation and necrosis of hepatocytes or even acute liver failure [@bib34]. In 2011, the United States Food and Drug Administration issued a regulation that the content of APAP in prescription drugs should not be \> 325 mg per single dose, and limited the maximum daily recommended dose of APAP to \< 4.0 g for an adult [@bib35]. The medication guide in Chinese Pharmacopoeia also issued a regulation that the recommended dose of APAP should be not \> 2 g per single dose. In clinical practice, the recommended dose is one or two tablets every 4--6 h, but with such a prescription regimen, a patient could easily exceed the recommended maximal daily dose of APAP [@bib36]. Therefore, it is necessary to research new drugs to protect hepatic patients from APAP-induced hepatotoxicity. Currently, APAP is recognized for commonly being used *in vivo* in animal models to result in acute hepatotoxicity to evaluate the hepatoprotective effects of natural medicines [@bib15]. Recent research has identified mice as a more clinically relevant model of APAP toxicity, due to similar susceptibility to and mechanisms of toxicity in mice and human [@bib37]. At present, there has been good progress in the prevention and treatment of APAP-induced liver injuries. The protective mechanisms involved include regulating oxidative stress, an inflammatory reaction, and APAP metabolic excretion [@bib16]. Based on the current understanding, a large number of related target proteins exit in the signal transduction mechanism of APAP hepatotoxicity.

Ginseng, the root of *P. ginseng*, is a famous traditional Chinese medicine widely used in China, Korea, and Japan due to its powerful pharmacological activity. Ginsenosides are divided into two types, including protopanaxadiol-type and protopanaxatriol-type ginsenosides. The protopanaxatriol-type ginsenosides mainly include ginsenoside Rb1, Rb2, Rb3, Rc, and Rd [@bib35]. It has been demonstrated that steamed ginseng exhibits stronger pharmacological activities and therapeutic efficacy than nonsteamed ginseng [@bib38]. The differences among the biological effects can be attributed to significant changes of ginsenosides during the steaming process [@bib39]. Ginsenosides in white ginseng underwent deglycosylation, dehydration, and isomerization to generate many rare ginsenosides during the steaming process [@bib40]. Of these rare ginsenosides, Rk1 and Rg5 were major ones produced from protopanaxadiol-type ginsenosides in the above reaction [@bib41]. As one of the major rare saponins from the heat-processing of ginseng, ginsenoside Rk1 exerts many biological effects, including antiapoptotic, anticancer, and anti-platelet aggregation activities [@bib24], [@bib25], [@bib26]. Although fermented ginseng was reported to contain more rare ginsenosides and could alleviate APAP-induced liver injury in a mouse model [@bib42], the exact ameliorative effect and the possible molecular mechanisms of ginsenoside Rk1 on APAP-induced hepatotoxicity was still not clear. Therefore, the aim of our present work was to evaluate the hepatoprotective effects and underlying mechanisms of ginsenoside Rk1 on APAP-intoxicated mice.

In the present study, ginsenoside Rk1 was found to attenuate APAP-induced hepatotoxicity, thus reducing the damage of liver central veins and liver oxidative stress, as well as inhibiting hepatocyte apoptosis and the inflammatory response in an ICR mouse model. Serum ALT and AST are the most sensitive biomarker enzymes used to evaluate drug/chemical-induced acute liver injuries [@bib14]. In our study, 24 h after APAP injection, there was a significant increase in the serum levels of ALT and AST in APAP-injected mice compared with the normal group, suggesting infliction of acute liver damage after APAP exposure. The above results clearly demonstrate that Rk1 inhibited the remarkable increase in serum levels of ALT and AST, indicating significantly protective effects of Rk1 against APAP-induced liver damage. However, this non--dose-dependent effect may be ascribed to the toxicity of saponin ingredients found in high doses of Rk1, which was consistent with previous studies [@bib43].

Oxidative stress, another significant pathogenic factor of APAP-induced hepatotoxicity, has been reported in numerous animal models [@bib44]. It is well accepted that APAP administration is associated with the increasing formation of free radicals, heavy oxidative stress and lipid peroxidation. *In vivo*, APAP is metabolized by cytochrome P450 to toxic NAPQI, which immediately conjugates with GSH [@bib45]. Therefore, overdose of APAP may cause significant GSH depletion in the liver, and result in severe necrosis of liver cells, acute liver failure or even death [@bib46]. The level of MDA is usually considered an important biomarker of oxidative stress and lipid peroxidation injuries [@bib12]. Previous reports have confirmed that elevated MDA levels in liver tissues increases oxidative stress and lipid peroxidation, thus causing liver tissue damage and the collapse of antioxidant defense systems [@bib47]. SOD enzyme, as a member of the enzymatic antioxidant defense system, is able to convert superoxide radicals into molecular oxygen and hydrogen peroxide and thus protect cells from oxidative damage induced by superoxide and hydrogen peroxide radicals [@bib48], [@bib49]. In the present investigation, APAP exposure after 24 h significantly increased MDA levels in liver tissues, while pretreatment with a double dose of ginsenoside Rk1 effectively reversed the alterations to a certain degree. Our data showed that the GSH and SOD levels in liver tissues after Rk1 pretreatment significantly increased compared with the APAP group. Therefore, an increase of GSH and SOD and a decreasing level of MDA in liver tissues treated with Rk1 indicate a host-detoxification process of Rk1 in APAP-induced liver injuries. Several reports have demonstrated that the drug-metabolizing enzyme CYP2E1 plays a vital role in APAP-induced hepatotoxicity [@bib50]. In the present investigation, overexpression of CYP2E1 in liver tissues treated with APAP could be reversed after treatment with ginsenoside Rk1. Consistent with the result of MDA, although 4-HNE immunofluorescence staining exhibited high fluorescence intensity in liver tissues after APAP exposure, this process was significantly reversed after administration of ginsenoside Rk1 for 7 consecutive d.

The nitration of tyrosine (i.e., formation of 3-NT), regarded as an important biomarker of peroxynitrite formation, is generally accepted to occur in the liver cells of overdose APAP-challenged mice [@bib51]. A quick interaction between nitric oxide and superoxide is involved in peroxynitrite formation, and peroxynitrile production, increases quickly under the condition of excess APAP exposure [@bib52]. Prior to our work, Jaeschke et al. [@bib53] confirmed that peroxynitrite can cause liver cell necrosis and DNA damage through mitochondrial dysfunction in the pathological process of APAP-induced hepatotoxicity [@bib53]. Importantly, the results from the immunofluorescence analysis clearly showed that overexpression of 3-NT in the liver tissues of APAP-intoxicated mice was in line with the above findings. However, pretreatment with double dose of Rk1 reversed the APAP-mediated increase in 3-NT expression.

Over the past few decades, growing evidence has demonstrated that the inflammation response is also involved in the pathogenesis of hepatotoxicity caused by APAP [@bib7]. Overproduction of inflammatory cytokines can act as a sign of liver damage, while production inhibition of these inflammatory cytokines can help to restore liver function [@bib14]. COX-2 and iNOS are enzymes involved in the inflammatory developing process [@bib54]. Moreover, the overexpression of COX-2 occurred when the liver tissues suffered damage. In addition, proinflammatory cytokines, including TNF-α and IL-1β, are involved in the pathogenesis of hepatotoxicity caused by APAP [@bib7]. Proinflammatory cytokines TNF-α and IL-1β were released from 4 h to 24 h after overdose APAP exposure [@bib14]. Hence, preventing the production of TNF-α or IL-1β may attenuate APAP-induced liver injury. In our study, ginsenoside Rk1 markedly suppressed the release of these inflammatory cytokines caused by APAP exposure, which indicated a potential anti-inflammatory effect of ginsenoside Rk1 in APAP-induced acute hepatotoxicity. Interestingly, the results from the immunohistochemical analysis also revealed that a single APAP injection with 250 mg/kg resulted in the overexpression of iNOS and COX-2 in the liver tissues. Nevertheless, treatment with ginsenoside Rk1 could effectively inhibit the increase of iNOS and COX-2 expression in liver tissues.

Generally, apoptosis is characterized by one of the most fundamental cellular activities to balance the physiological functions of human organisms [@bib55]. Accumulating evidence has indicated that hepatocyte apoptosis is also involved in APAP-induced acute liver injury. Especially, more and more reports have demonstrated apoptosis of hepatocytes after APAP exposure [@bib15]. Two important members of the Bcl-2 family involved in apoptosis are Bax (a proapoptotic protein) and Bcl-2 (an anti-apoptotic protein) [@bib56]. Consequently, results from the immunohistochemistry and western blotting analyses showed that the protein expression level of Bax and the ratio of Bax to Bcl-2 were significantly suppressed while the level of Bcl-2 protein expression was relatively increased, clearly indicating that ginsenoside Rk1 exhibits resistance to the effects of apoptosis in APAP-caused hepatotoxicity. In addition, TUNEL and Hoechst 33258 staining were employed to determine the apoptotic hepatocytes in APAP-induced liver injury. The results clearly showed a large area and high density of apoptosis, indicating the apoptosis of liver cells. However, apoptosis in Rk1 groups was alleviated and liver damage was significantly improved. The above data indicate that Rk1 could significantly inhibit hepatocyte apoptosis in APAP-caused hepatotoxicity *in vivo*.

In conclusion, our findings from the present investigation clearly demonstrate that ginsenoside Rk1 can protect against APAP-induced acute liver injuries in mice via the attenuation of oxidative/nitrative stress injuries and the suppression of inflammation and apoptosis. Importantly, these data strongly emphasize that ginsenoside Rk1 seems to be an attractive supplementary drug candidate for the treatment and prevention of liver injury.
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[^1]: Values represent the mean ± standard deviation, *n* = 8

[^2]: \**p* \< 0.05 versus normal group; \*\**p* \< 0.01; ^\#^*p* \< 0.05 versus APAP group; ^\#\#^*p*\< 0.01

[^3]: ALT, alanine aminotransferase, APAP, paracetamol; AST, aspartate aminotransferase

[^4]: Necrocytosis was classified based on hematoxylin--eosin staining of liver sections. Data were analyzed by ridit analysis. Values represent the mean ± standard deviation

[^5]: \*\**p* \< 0.01 versus normal group; ^\#^*p* \< 0.05 versus APAP group

[^6]: Grading standard: level 0, no necrocytosis, normal liver cells; level 1, liver cells contain necrocytosis of no more than 1/4; level 2, liver cells contain necrocytosis of no more than 1/2; level 3, liver cells contain necrocytosis of no more than 3/4; level 4, liver tissue was almost all necrocytosis. Level 0 calculated 0 marks; Level I calculated 1 mark; Level II calculated 2 marks; Level III calculated 3 marks; Level IV calculated 4 marks. APAP, paracetamol.
